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Current-Voltage Relationships of a Sodium-Sensitive Potassium Channel in the 
Tonoplast of Chara corallina 
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S u m m a r y ,  The membrane  of  mechanical ly  prepared vesicles of  
Chara corallina has been investigated by patch-clamp tech- 
niques.  This membrane  consis ts  of  tonoplast  as demonst ra ted  by 
the m e a s u r e m e n t  of  ATP-dr iven currents  directed into the vesi- 
cles as well as by the ATP-dependent  accumulat ion of neutral 
red. Addition of 1 mM ATP to the bath medium induced a mem- 
brane current  of  about  3.2 mA . m 2 creating a voltage across  the 
tonoplast  of  about  - 7  mV (cytoplasmic side negative). On ex- 
cised tonoplast  patches ,  currents  through single K*-selective 
channels  have  been investigated under  various ionic conditions.  
The open-channel  currents  saturate  at large voltage displace- 
ments  from the equil ibrium voltage for K + with limiting currents 
of  about  + 15 and - 3 0  pA, respectively,  as measured  in symmet-  
ric 250 mM KCI solutions.  The channel  is virtually impermeable 
to Na + and CI-. However ,  addition of  Na § decreases  the K + 
currents .  The 1-V relationships of  the open channel  as measured  
at various K + concent ra t ions  with or without Na - added are 
described by a 6-state model,  the 12 parameters  of  which are 
determined to fit the exper imental  data. 

K e y  W o r d s  Chara corallina . t o n o p l a s t  . K + c h a n n e l  �9 Na + 
effect �9 cyclic model 

Introduction 

As far as plant membranes are concerned, the mac- 
roscopic electrical properties are rather well inves- 
tigated for the plasmalemma of giant algal cells of 
the Characeae  (for reviews see Hope & Walker, 
1975; Beilby, 1985). On the other hand, the knowl- 
edge about the electrical properties of the tonoplast 
even in these cells has lagged far behind until re- 
cently. This delay can be ascribed to the inaccessi- 
bility of the tonoplast in intact cells and the difficul- 
ties in changing the ionic composition on each side 
of the membrane. 
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Physiology,  Yale Univers i ty ,  School of  Medicine, 333 Cedar  
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Electrophysiological access to the tonoplast of 
Chara has been gained by the application of the 
vacuolar perfusion technique (Tazawa, Kikuyama 
& Shimmen, 1976) as well as by the use of per- 
meabilized cells (Shimmen & Tazawa, 1983). The 
vacuolar perfusion technique provides the opportu- 
nity to study the electrical characteristics of the 
tonoplast while being able to control the ionic con- 
ditions at the vacuolar side of the membrane by 
replacement of the vacuolar sap by an artificial solu- 
tion (Tazawa et al., 1976). In permeabilized cells, 
where the plasmalemma of the cells is made irre- 
versibly and highly permeable to small molecules 
and ions, the electrical characteristics of the tono- 
plast can be investigated under known ionic condi- 
tions at the cytoplasmic side of the membrane 
(Tester, Beilby & Shimmen, 1987). In addition to 
the control of the ionic conditions on both sides of 
the membrane, patch-clamp techniques (for a col- 
lection of fundamental contributions in this field, 
see Sakmann & Neher, 1983) provide the possibility 
of investigating ion transport mechanisms on the 
level of individual ion transporters. 

Recently, in a patch-clamp survey of ion chan- 
nels and proton pumps, Hedrich et al. (1988) postu- 
lated that in plant cells the efflux of anions from the 
vacuole and the equilibrium of cations across the 
tonoplast is mediated by a channel of low selectiv- 
ity. 

In contrast to this unspecific channel described 
for the tonoplast of various higher plant cells (He- 
drich, Fli~gge & Fernandez, 1986; Coyaud et al., 
1987; Hedrich & Neher, 1987; Hedrich et al., 1988), 
a K+-selective channel was demonstrated to be the 
predominant channel in the outer membrane of cy- 
toplasmic droplets of Chara corallina (Lfihring, 
1986; Laver & Walker, 1987). However, it is still a 
matter of discussion whether the enclosing mem- 
brane consists of (inverse) tonoplast (Reeves, Shim- 
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men  & Tazawa ,  1985; L~hr ing ,  1986; Sakano  & 
Tazawa,  1986; L a v e r  & Walker ,  1987) or of plas- 
m a l e m m a  (Svintf tskikh,  A n d r i o n o v  & Bulychev ,  
1985; Homble ,  Fer r ie r  & Dain ty ,  1987). 

The a im of this s tudy  is to gain unambi guous  
in fo rmat ion  abou t  the origin of  these  channels .  The 
major  subject ,  however ,  is to de te rmine  the param- 
eters of the catalyt ic  reac t ion  cycle  of this K + t rans-  
locat ing e n z y m e  inc luding  the inhibi tory  role of 
Na  + . 

M a t e r i a l s  a n d  M e t h o d s  

ISOLATION OF TONOPLAST VESICLES 

For isolation of tonoplast vesicles an internodal cell of Chara 
corallina was incubated for about 10-20 sec in 1 M NaCI, placed 
on an inclined glass disk and cut off at both ends with fine scis- 
sors. The cell content was swept out into the measuring chamber 
by perfusion of the cell with the standard bath solution, which 
contained 250 mM KC1 and 1 mM CaCI2 adjusted to pH 7 by about 
5 mM Tris/MES. In this solution transparent vesicles (never con- 
taining chloroplasts) with diameters of 5-200 ~m could be found. 

PATCH-CLAMP EXPERIMENTS 

Patch-clamp experiments were carried out according to the 
methods described by Hamill et al. (1981). Throughout the re- 
cords, voltages are given as cytoplasmic potential minus extra- 
plasmic (vacuolar) potential. Correspondingly, the flow of posi- 
tive charges directed from the cytoplasmic side to the vacuolar 
side (or negative charges in the opposite direction) is a positive 
current and defined as an outward current. 

In excised membrane patches, single-channel currents were 
measured over a voltage range of up to --200 mV at various salt 
concentrations, as indicated in the inset of the respective figure. 
All solutions contained 1 mM CaCI2 and were buffered by about 5 
mM Tris/MES adjusted to pH 7-7.2 (in the experiment of Fig. 
6B, where Na + has been added as NaOH, the pH has been ad- 
justed by MES, assuming MES does not affect the currents). 

The current records were digitized by a modified digital 
audio processor (PCM-501ES, Sony, Japan) and stored on a 
video recorder (VS220 RC, Grundig, FRG). For data analysis, 
the records were played back to a digital oscilloscope (2090-3 
Nicolet) and copied by an x-y plotter (Gila 2000, Laumann, 
FRG). The current amplitudes were evaluated by hand. 

R e s u l t s  ' 

NEUTRAL RED ACCUMULATION 

The ex i s tence  of an A T P - d e p e n d e n t  H+-pump in 
the tonoplas t  of  Chara corallina (Mor iyasu ,  Shim- 
men  & Tazawa ,  1984) can  be used for ident i f icat ion 
of in tact  tonoplas t .  

All vesicles ,  p repared  as descr ibed  above ,  were 
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Fig. 1. ATP-driven current from a tonoplast vesicle of Chara 
corallina (100/zm in diameter) recorded in the 'whole-vesicle' 
mode (according to whole-cell). Positive currents (upward de- 
flection) are currents from the cytoplasmic side into the vesicle. 
Solutions in pipette and bath were 250 mM NaCI, I mM CaC12 
adjusted to pH 7. Addition of 1 mM Mg-ATP as indicated by the 
arrow 

red in the s tandard  bath  solut ion,  when  isolated af- 
ter s ta in ing the vacuo le  of  an intact  in te rnodal  cell 
by i ncuba t i on  of the cell for 1 hr in natural  pond  
water  with 0.1 mM neut ra l  red. This obse rva t ion  
indicates  the vesicles  con ta ined  vacuo la r  sap and 
ma in ta ined  a pH gradient  dur ing  the isolat ion proce- 
dure.  

Vesicles  p repared  f rom uns t a ined  in ternodal  
cells t u rned  red upon  addi t ion  of  1 mM Mg-ATP and 
25/ZM neut ra l  red (not shown), indicat ing an ATP-  
dr iven  acidif icat ion of  the vesicles.  

ATP-DRIVEN CURRENTS 

A T P - d r i v e n  cur ren t s  have  been  measu red  direct ly 
by means  of whole  vesicle  recordings .  In  the volt- 
age-c lamp mode ,  with the m e m b r a n e  c lamped at 0 
mV,  the appl ica t ion  of 1 mM Mg-ATP to the bath 
(cy toplasmic  side) caused  a cu r ren t  of  some 100 pA 
directed into the vesicle .  F o r  a tonoplas t  vesicle 
with a d iamete r  of  100 ktm, as in the example  of Fig. 
I, the total A T P - d r i v e n  cu r ren t  co r re sponds  to a 
m e m b r a n e  cu r ren t  of 3.2 m A . m  2. U n d e r  the 
g iven exper imen ta l  cond i t ions  (see legend to Fig. 
1), this cu r ren t  resul ts  in a hyperpo la r i za t ion  of the 
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Fig. 2. Examples  of  single-channel currents  at various membrane  voltages (cytoplasmic side v s .  vacuolar  side) recorded on excised 
membrane  patches .  Vacuolar  K + concentrat ion was 250 mM in A, and 25 mM in B; cytoplasmic K § was 250 mM throughout .  Membrane  
voltages are given on the left of  each record; - - 0 -  - marks the baseline of each record, i.e., the current  with the channel  closed. 
Upward  deflections are positive currents  directed from the cytoplasmic side to the vacuolar side. The seal res is tance was 30 G~Q in A 
and 25 GFt in B. Signals were low-pass filtered at I kHz 

tonoplast from 0 to - 7  mV (cytoplasmic side being 
negative), as measured by briefly switching from the 
voltage-clamp mode to the current-clamp mode 
when the ATP-induced current reached its maxi- 
m u m .  

C U R R E N T - V O L T A G E  R E L A T I O N S H I P S  OF T HE 

O P E N - C H A N N E L  C U R R E N T S  

Figure 2 shows some examples of these single-chan- 
nel current recordings in symmetrical 250 mM KCI 
(Fig. 2A) and under asymmetrical conditions with 
250 mM KCI at the cytoplasmic side of the mem- 
brane and 25 mM KC1 at the vacuolar side (Fig. 2B). 
In this figure, the actual membrane voltage (see defi- 
nition in Materials and Methods) is given at the left, 
made for the corresponding traces in experiments A 
and B. The baseline is marked by "-0-", indicating 
the current through the membrane patch with the 
channel being closed. Deviations from this baseline 
are currents through the channel, where upward de- 
flections are positive currents, downward deflec- 
tions are negative ones. 

The steady-state current-voltage (I-V) relation- 
ships of the open channel have been found to pro- 

vide the experimental information for the determi- 
nation of the catalytic reaction cycle of ion 
transport (Gradmann et al., 1987). In Figs. 3-8, the 
experimental data are given by points. The curves 
in these figures are fitted curves, which are the sub- 
ject of the discussion following. 

C H A N G E S  OF T H E  V A C U O L A R  K + 

C O N C E N T R A T I O N  

Figure 3 displays a set of I-V relationships for a 
cytoplasmic KCI concentration of 250 mM and vac- 
uolar KCI concentrations ranging from 2.5 to 250 
mM. The data in this figure reveal some important 
features of the channel. 

In symmetrical solutions with 250 mM KCI at 
both sides of the membrane (Fig. 3A) the I-V rela- 
tionship is asymmetric with respect to the current 
amplitudes. At large voltage displacements, nega- 
tive currents are about twice the positive ones. 

Variation of the vacuolar KCI concentration 
leads to reversal voltages close to the respective 
equilibrium voltage for K + as calculated by the 
Nernst equation using the K + activities (ionic activ- 
ities have been calculated by the "Debye-Hfickel 
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Fig. 3. Current-voltage relationships of the 
open channel as a function of external 
(vacuolar) K ~ concentrations obtained from 
single-channel recordings from excised 
membrane patches. Data (points) are from 
four different experiments. Ionic conditions 
are as indicated in the inset. Decreasing K + 
has been compensated by mannitol or 
sorbitol. Curves: fits of Eq. (10) to the data 
with the parameters of the 6-state model are 
given in Table 3 

Table 1. Equilibrium voltages for K + as calculated by the Nernst 
equation using the respective K + activities (not the concentra- 
tions) and reversal voltages measured by the experiments to 
Fig. 3 ~ 

Curve [K+lo/mM [K+]JmM EK+/mV EK+/mV 
(calc) (meas) 

A 185 185 0 0 
B 99 185 -16 -16 
C 22 185 -54 -55 
D 2.4 185 Il l  -117 

a Ion-activities have been calculated by the "Debye-Htickel lim- 
iting law." 

limiting law").  Therefore  the currents are K + cur- 
rents. Measured reversal voltages as well as the cal- 
culated equilibrium voltages for K + are listed in Ta- 
ble 1. 

Further,  it can be seen from Fig. 3A-D that the 
open-channel currents tend to saturate at large volt- 
age displacements. Clear saturation can be seen for 
positive currents and at least a tendency toward 
saturation for negative currents.  

The positive saturation current appears to be 
insensitive to changes of  the vacuolar K + concen- 
tration. The saturation characteristic of the negative 
currents apparently depends on the vacuolar K +, 
but in a subproportional manner. 

REPLACEMENT OF K + BY Na + 

Upon replacement of  K + by Na + at the vacuolar 
side (Fig. 4B), the positive saturation current re- 

mained almost the same as in the control with 250 
mM KCI at both sides of the membrane (Fig. 4A, 
reproduced from Fig. 3A) but the 1-V relationship 
flattened. The positive currents vanished with in- 
creasing negative voltages and no negative currents 
could be detected not even at - 2 0 0  mV (i.e., no 
finite reversal voltage could be determined). Vice 
versa, no positive currents could be measured when 
K § was replaced by Na § at the cytoplasmic side 
(Fig. 4C). 

EFFECT OF N a  + ON K + CURRENTS 

Figure 5A displays the I-V relationship at 125 mM 
vacuolar and 250 mM cytoplasmic KCI (reproduced 
from Fig. 3B). Addition of  125 mM NaCI at the vac- 
uolar side of the membrane while maintaining the 
KCI concentrat ion at 125 mM (Fig. 5B) resulted in 
smaller negative currents,  while the reversal volt- 
age as well as the positive saturation current re- 
mained almost unaffected. These phenomena can 
also be observed in Fig. 5C and D, at vacuolar con- 
centrations of 25 mM KCI in the control (C) and 25 
mM KC1 plus 225 mM NaCI in D. At the cytoplasmic 
side the solutions contained 250 mM KC1 through- 
out the experiments of  Fig. 5. The small shift of  the 
reversal voltages towards more negative values in 
data B compared to A and in D compared to C cor- 
respond to a decrease of  the K + activities when the 
total salt concentrat ion is increased. 

The data in Fig. 6 show the I -V  relationships of 
the open channel in the presence of 125 mM K + plus 
125 mM Na § and either 250 mM CI- (A reproduced 
from Fig. 5B) or 125 mM C1 (B) at the vacuolar 
side. Cytoplasmic salt concentrat ion was 250 mM 
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KC1 in both experiments. As the amplitude of the 
negative currents (i.e., K + currents directed from 
the vacuolar to the cytoplasmic side) was insensi- 
tive to the vacuolar C1- concentration, the inhibi- 
tory effect observed in the experiments of Fig. 5 has 
to be ascribed to the presence of Na + rather than to 
the increase of the vacuolar C1- concentration. 

Figure 7 displays the current-voltage relation- 
ship of the open channel in symmetrical solutions 
with 125 mM KC1 in (A) and with 125 mM KC1 plus 
125 mM NaCl in (B) on both sides of the membrane. 
As it can be seen from the data, the reduction of the 
positive K + currents in the presence of cytoplasmic 
Na + is more pronounced than that of the negative 
currents by vacuolar Na § 

In Fig. 8, the ratio I'/Io (a measure for the effect 
of Na + on the K + currents) is plotted vs. the actual 
membrane voltage on a log-linear scale. I" and Io are 
the current amplitudes of the open channel in the 
presence and in the absence of Na +, respectively. 
The points in Fig. 8, which are derived from the 
data of Fig. 7, demonstrate that the effect of Na + 
increases (I'o/Io decreases) with increasing voltage 
displacements of either sign. 

Discussion 

MEMBRANE IDENTIFICATION 

The vesicles used in this study exhibit ATP-driven 
current directed into the vesicles (Fig. I) as well as 
ATP-induced internal acidification (not shown). 

This would also be possible with vesicles enclosed 
by inverse plasmalemma. However, the additional 
observation that all vesicles were colored red even 
in the absence of ATP, if prepared after staining the 
vacuole of the intact cell by neutral red, suggests 
the vesicles were enclosed by tonoplast in the right- 
side-out orientation and maintained a pH gradient 
during the isolation procedure. 

The membrane current of 3.2 mA �9 m -2 as mea- 
sured after addition of 1 mM Mg-ATP created a volt- 
age across the tonoplast of about -7  mV (cytoplas- 
mic side negative). This voltage corresponds well 
with the tonoplast voltage of -10 to -20 mV found 
in intact cells of Chara corallina (Findlay & Hope, 
1964; Coster & Smith, 1977) and - 4  mV as mea- 
sured by Tester et al. (1987) using permeabilized 
cells of Chara corallina. 

SELECTIVITY 

When K + has completely been replaced by Na + at 
either side of the membrane, as done in the experi- 
ments of Fig. 4, the single-channel currents directed 
from the cis side to the trans side (ought to be car- 
ried by Na +) disappeared; the shape of the/-V char- 
acteristics flattened, but the saturation currents 
from the trans side to the cis side remained unaf- 
fected. Since no Na + currents appeared, no finite 
reversal voltage could be determined indicating the 
relative permeability o~ = PNa§247 being virtually 
zero. 

From Table I it can be seen that under different 
KC1 gradients (vacuolar KC1 ranging from 2.5 to 250 
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Fig. 9. Reaction-kinetic models and nomenclature. (A) 3-state 
model for the particular experimental situation when the sub- 
strate concentration has been changed outside, kt2 and k2, desig- 
nate the voltage-sensitive rate constants for the charge transloca- 
tion. k3: is the rate constant for substrate (K +) binding outside. 
(B) 6-state model for the 1-V relationships of the K + channel 
considering the effect of Na + upon the K + currents. The rate 
constants k32 and k4, are the rate constants for the K + binding 
outside and inside, respectively. The equilibrium constants K~ = 
k32,/k2.3 and K2 = k41,/kl,4 describe the voltage-sensitive binding/ 
debinding of N a* outside and inside, respectively. In the absence 
of Na + (K~ and Kz being zero) only states 1 to 4 remain, describ- 
ing the K + uniport per se 

mM, cy top lasmic  KCI  was  250 mM throughout)  the 
exper imenta l ly  de te rmined  reversal  vol tages were  
close to the respec t ive  equil ibrium voltages for  K + 
as ca lcula ted  by the Ne rns t  equat ion  using K + activ- 
ities. There fore ,  the channe l  seems to be virtually 
impermeable  to CI - ,  too.  

MODELING 

In this sect ion,  p rev ious  theoret ical  work  of  Hansen  
et al. (1981) and Gradmann ,  Kl ieber  & Hansen  
(1987) is used,  ex tended  and applied. 

The  cur ren t -vo l tage  analysis  in the present  pa- 
per  focuses  on cycl ic  models  for  K + unipor t  (Fig. 9) 
with the t r anspor te r  being neutral  and the substrate-  
t r anspor te r  com p l e x  being posi t ively charged.  Such  
cycl ic  models  cons ider  a number  o f  distinct states 
where  Ni is the n u m b e r  o f  t ranspor te r  molecules  
being in state i (i = 1 to n) and kq is the rate cons tan t  
descr ibing the t ransi t ion f rom state i to  state j.  

Fo r  cycl ic  models  with only one charge translo- 
cat ion step (Class I models) ,  the cur rent  results 
f rom N~ and N2, which  designate  the amounts  o f  
t ranspor te rs  being in state 1 (charged binding site 
facing inside) and state 2 (charged binding site fac- 
ing outside),  respect ive ly .  

The  t ransi t ion rates,  Nlk,2 and Nzk21, be tween  
these two states are vol tage sensi t ive by 

(+zeV)  
k12 = kl~ exp \ 2--2-kT- 

k21 = k~ exp 2-2kT-] 

(la) 

( lb) 

where  k~2 and k ~ are the vol tage-sensi t ive rate con-  
stants  k~2 and k2~ at V = 0 mV,  z is the valence  o f  the 
charged  part icle cross ing the membrane ,  e, k and T 
have their usual  t h e r m o d y n a m i c  meaning  and the 
fac tor  2 s t a n d s  for  the a s sumpt ion  of  a symmet r i c  
Eyr ing  barr ier  (Lfiuger & Stark,  1970). 

The cur ren t -vol tage  equa t ion  for  Class I models  
reads 

I (V)  = ze(kl2Nl - kzlN2). (2) 

The  individual Ni can be calculated by solving a 
sys tem of  l inear equa t ions  o f  the fo rm 

dNi 
dt - Ni 2 kiy + 2 (Njk:i) (3) 

j= l  j= l  

with dNi/dt  = 0 for  s teady-s ta te  condit ions.  
The  total n u m b e r  o f  t ranspor te rs  is 

N = 2 Ni. ( 4 )  
i=1 
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Table 2. Parameters of the 3-state model (Fig. 9A) for the cur- 
rent-voltage relationship of the open channel and its dependence 
on the external K + concentration a 

Meaning Parameter Value 

Translocation i-o k~2 31.1 
Translocation o-i k~l 294.6 
Debinding o k23 4865.9 
Binding o k32 794.2 
Debinding i and reor. i-o k~3 12.8 
Binding i and reor. o-i k31 43.8 

a Rate constants in 106 sec -z (except for ]~32:106 sec t M-~): result 
of fit by the 3-state model to the experimental data in Fig. 3. 

In the case of single-channel investigations, the 
total number of transporter molecules is N = 1 and 
the individual Ni is the probability of the transporter 
molecule being in state i and the rate constants kij 
have the meaning of transition probabilities. 

The genuine model for the description of a sin- 
gle Class I I -V  curve is the 2-state model. 

A step-wide extension of this minimum model is 
mediated by additional data as measured under dif- 
ferent experimental conditions. Changing the exter- 
nal substrate concentration, as done in the experi- 
ments of Fig. 3, yields a series of I -V  relationships. 
Each of these I-V relationships can be used to deter- 
mine the four parameters of the particular 2-state 
model. In order to describe the four data sets of Fig. 
3 by an unique model, not only the voltage-depen- 
dent rate constants for the charge translocation step 
(k12 and k20, but also the rate constants for external 
substrate binding/debinding (k32 and k23 in Fig. 9A) 
have to be treated separately since they are influ- 
enced by changing the external substrate concentra- 
tion. Therefore, the appropriate model for the de- 
scription of the four current-voltage relationships in 
Fig. 3 is a 3-state model (Fig. 9A) providing three 
pairs of rate constants, one of which is voltage sen- 
sitive. 

For this 3-state model, the effective rate con- 
stant k32 has to be sensitive to the external substrate 
(K +) concentration (activity): 

k32 = k32[K]o (5) 

where k32 is the fundamental rate constant for sub- 
strate (K § binding outside. 

In order to examine whether the chosen 3-state 
model applies, the four data sets were used to a 
simultaneous fit in which five of the rate constants 
had to be common in all data sets and k32 was forced 
to be proportional to the external (vacuolar) sub- 
strate activity. 

The curves fitted by the 3-state model with the 
numerical parameters as listed in Table 2 are virtu- 
ally identical to the curves drawn in Fig. 3, which 
are the graphs of the fits of the 6-state model (Fig. 
9B) discussed below. 

Changing the substrate (K +) concentration in- 
side, too, as done in the experiment of Fig. 7A, 
yielded additional I -V  relationships, which could be 
used to determine the parameters of a 4-state model 
(Fig. 9B, states 1 to 4). 

In the 4-state model (Fig. 9B; states 1 to 4), the 
effective rate constants 

k32 = ]732[K+]o (6a) 
k41 = ]741[K+]i (6b) 

depend on the respective substrate concentration, 
where k-32 and k-41 are the fundamental rate con- 
stants for substrate binding outside and inside, re- 
spectively. 

It should be mentioned that due to the theory of 
model reduction (Gradmann et al., 1987) the numer- 
ical values of the 4-state model, (for example k32 of 
Eq. (6a)) are not identical with the corresponding 
values of the 3-state model (k32 in Eq. (5)). 

For the 4-state model, the linear equation sys- 
tem Eq. (3) and Eq. (4) can be solved simulta- 
neously, leading to the following expressions for NI 
and N2 

Xl 
N1 = (7a) 

X~+X2+X3+X4 

and 

x2 
Nz = XI + X2 + X3 + X4 (7b) 

with the auxiliary expressions 

X1 = k32k2t(k41 + k43) + k34k41(k21 + k23) (8a) 

)(2 = k41k12(k32 + k34) + k43k32(k12 + k14) (8b) 

X3 = k23k12(k41 + k43) + k43kt4(k21 + k23) (8c) 

X4 = k14k21(k32 + k34) + k34k23(k12 + k14). (8d) 

Inserting Eqs. (7a) and (7b) into Eq. (2) gives 
the current-voltage equation for the 4-state model 
(Fig. 9B; states 1 to 4) 

k12Xl - k21X2 
I (V)  = ze (9) 

Xl -I- X2 -[- X3 -~- X4" 

In the experiments of Figs. 4-7, not only the 
substrate (K +) has been changed but another sub- 
strate (Na +) has been added at one or both sides. 
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As shown by Figs. 5-7, Na + did affect the K + 
currents.  Therefore,  an interaction between Na + 
and the t ransporter  molecule has to take place at 
both sides, which can be taken into account by the 
extension of the 4-state model to a 6-state model 
(Fig. 9B) with the two equilibrium constants K~ = 
k32,/k2, 3 and K2 = k41,/kl,4, describing the Na + bind- 
ing/debinding outside and inside, respectively. 
Transitions between states l '  and 2', which would 
describe the translocation of  Na § are not allowed 
in this model since the channel is impermeable to 
Na + (Fig. 4). 

For  this 6-state model the current-voltage equa- 
tion reads 

kl2XI - k21X2 
I(V) = ze X~ + X2 + (1 + KI)X3 + (1 + K2)X4" (10) 

The voltage sensitivity of  the Na + effect (Fig. 7) 
is accounted for, when the two equilibrium con- 
stants K~ and K2 become voltage sensitive, so that 

k32, = ( - z l  eV~ ( l l a )  
k2'3 KI = K'O[Na+]o exp ~ /  

k41, ( + Z2 e _ ~  
kv4 - K2 = -K~ exp \----kT---) (1 lb) 

with K ~ and K ~ being the respective voltage-sensi- 
tive equilibrium constants for Na + binding/debind- 
ing at V = 0 mV, z~ and z2 are the effective charge 
numbers describing the voltage sensitivity of the re- 
spective equilibrium constant. 

One set of 12 parameters (the eight rate con- 
stants of the K § loop, the two equilibrium constants 
~0 and ~-0 as well as the effective charge numbers z~ 
and z2) were fitted by Eq. (10) to the entire ensemble 
of the experimental  data in Figs. 3-7. The resulting 
numerical values of these 12 parameters are listed in 
Table 3. The curves in Figs. 3-7 are the graphical 
representat ion of  this simultaneous fit. In that fit the 
rate constants k32, k41 (rate constants for the K + 
bindings) and the equilibrium constants K ~ and K ~ 
(equilibrium constants for Na + binding/debinding at 
the respective side at V = 0 mV) were forced to 
vary with the respective substrate activities, while 
all other  rate constants had to be in common for all 
ten data sets. 

As all ten data sets correspond well with the 
fitted curves,  the chosen 6-state model seems to 
satisfy the experimental  data. When no Na + is 
present at either side of the membrane,  K~ and K2, 
(Eqs. (1 la) and (1 lb)) in the 6-state model become 
zero. The model for the description of the K § trans- 
port per se (without Na § added) is the 4-state model 
(states 1 to 4 in Fig. 9B), the numerical values of the 
eight rate constants of which are identical to the 

Table 3. Parameters  of the 6-state model (Fig. 9B) for the cur- 
rent-voltage relationships of the open channel  considering the 
effect of Na" upon the K § currents  a 

Meaning Parameter  Value 

K + translocation i-o k~_ 2031.6 
K + translocation o-i k~ 420.7 
K § debinding o k23 8422.8 
K + binding o f~32 1057.1 
Empty site reorient, o-i k34 18.1 
Empty site reorient,  i-o k43 39.9 
K + binding i k4~ 785.7 
K + debinding i ku 12600.3 
Na + binding/debinding o ~-0 1.1 
Na + binding/debinding i K~ 8.9 
Effective charge number  (Na +) zt 0.4 
Effective charge number  (Na[)  z2 1.0 

a Rate constants  in 106 sec -I (except for k3z, k4G 106 sec I M - I ) ;  

equilibrium constants  K~ and ~-0 in M-~; result of fit by Eq. (11) 
to all experimental  data of Figs. 3-7,  

parameters of the 6-state model (Table 3) with K~ = 
Kz = 0. 

With the equilibrium constants Kj and K2 being 
voltage insensitive, the effect of Na + on the K + 
currents cannot  be described satisfactorily. This is 
shown in Fig. 8, where the effect of Na + (IJIo) 
derived from the data in Fig. 7 is compared with the 
intrinsic effect of  the 6-state model with the parame- 
ters as in Table 3 (solid curve) and several voltage- 
independent equilibrium constants K~ (dashed 
curves). In the negative voltage range, only the 
solid curve (with KI being voltage sensitive) shows 
the increasing effect of Na + with increasing nega- 
tive voltages. In the dashed curves (A-C, with volt- 
age independent Kt, ranging from 1 to 20) the effect 
of Na + decreases with increasing negative voltages, 
which is in contrast  to the experimental data. 

A L T E R N A T I V E  M O D E L S  

The model used in the present paper can be under- 
stood as a special case of the 6-state model pre- 
sented by Gradmann et al. (1987) for the quantita- 
tive analysis of current-voltage data from an open 
K + channel with a finite permeability to Na + as well 
(kl,2,,k2,v > 0). As the data in the present study dem- 
onstrate that Na § is not transported through the 
channel, the Na + loop in the 6-state model (used by 
Gradmann et al., 1987) has to be interrupted be- 
tween states 2' and I ' ,  i.e., k;,1, and kv2, has to be 
zero. The voltage sensitivity of  the effect of Na + on 
the K § currents requires the equilibrium constants 
K1 and K2 to be voltage sensitive. The equilibrium 
constants K~ and K2 can be understood as a lumped 



18 A. Bertl: Sodium-Sensitive Potassium Channel 

reaction describing the Na + binding/debinding and 
the voltage-dependent hold of Na + on the K+-bind - 
ing site. 

Recently, Laver and Walker (1987) applied the 
theory of diffusion-limited ion flow through pores 
(Lfiuger, 1976) to the K + channel in the membrane 
of cytoplasmic droplets of Chara. 

This model predicts some fundamental fea- 
tures, which are characteristic for the K + channel 
investigated in the present study, as well: 

The current-voltage characteristic of a diffu- 
sion-limited channel is strongly saturating. 
Addition of an impermeable electrolyte de- 
creases the saturation current. 

However, other characteristics of this model are 
inconsistent with the properties of the K + channel 
measured in the present study. 

The saturation currents of a diffusion-limited 
channel are proportional to the substrate con- 
centration. 

The data in Fig. 3 clearly show that the saturation 
currents are not proportional to the substrate con- 
centration in the charge-delivering compartment. 
For the K + channel in the membrane of cytoplasmic 
droplets of Chara corallina, a similar subpropor- 
tional dependence measured in solutions with K + 
concentrations ranging from 77 to 200 mM (without 
Na + added) has been observed by Lfihring (1986). 

Diffusion limitation predicts, that in the limit 
of infinite intrinsic permeability of the chan- 
nel, the ratio Io/Io becomes at least 0.5 for 
large voltages (Io represents the current in the 
presence, 1o that in the absence of an excess 
of inert electrolyte). 

However, the data in Fig. 8 show a voltage-depen- 
dent decrease of the ratio Io/Io clearly below 0.5 for 
high positive voltages. 

The current-voltage characteristic of a diffu- 
sion-limited channel cannot display regions 
of negative slope conductance. 

Negative slope conductance is clear in the data o f  
Fig. 7B for positive membrane voltages. Negative 
slope conductance at positive membrane voltages 
can also be seen in the data reported by Lfihring 
(1986) for the membrane of cytoplasmic droplets of 
Chara corallina. 

COMPARISONS 

The similarities (high selectivity for K +, saturation 
characteristics, asymmetry, inhibition by Na +) of 
the predominant K + channel from the tonoplast of 
Chara corallina described here with the predomi- 
nant K + channel from cytoplasmic droplets of 
Chara corallina (Lfihring, 1986) confirms the con- 

clusion of Lflhring (1986) about the tonoplast origin 
of the channel in the outer membrane of cytoplas- 
mic droplets. 

It is tempting to point out some similarities be- 
tween the macroscopic I-V curves of the tonoplast 
from permeabilized cells of Chara corallina (Tester 
et al., 1987) and the microscopic I-V characteristics 
of its predominant (K +) channel described here, es- 
pecially with respect to the common phenomenon 
of negative slope conductance at large voltage dis- 
placements from the equilibrium. In the macro- 
scopic I-V characteristics of the tonoplast, regions 
of negative slope conductance appear at high CI- 
concentrations (Tester et al., 1987), while the data 
in the present study show the development of nega- 
tive slope conductance in the microscopic I-V char- 
acteristics of the single open K + channel in the pres- 
ence of Na +. In macroscopic channel currents, 
however, the phenomenon of negative slope con- 
ductance can also arise by a voltage-dependent in- 
crease of the mean closed time of the channel, while 
the microscopic I-V characteristic of the open chan- 
nel maintains a positive slope conductance over the 
entire voltage range (Bertl & Gradmann, 1987; 
Bertl, Klieber & Gradmann, 1988). 

CONCLUSIONS 

The predominant ion channel in the tonoplast of 
Chara corallina is highly specific to K § and imper- 
meable to Na + and C1-. Although Na + is not trans- 
ported through the channel, the K § currents are 
affected by Na +. The presence of Na § at either side 
of the membrane inhibits the K + currents directed 
from the cis side to the trans side at last leading to 
regions of negative slope conductance (Fig. 7B). 

In order to describe the I-V relationship of the 
K + channel in the presence of a second cation 
(Na+), which does affect the K + currents but is not 
transported through the channel, a 6-state model 
has been suggested to be appropriate. This model 
consists of a cyclic 4-state model for the K + uni- 
port, the empty binding sites of which equilibrate 
with two additional states (2' and 1') via the two 
voltage-sensitive equilibrium constants K1 and K2. 

The author thanks D. Gradmann and H.G. Klieber for many 
hours of valuable discussions and for critical reading of the man- 
uscript. This work was supported by the Deutsche For- 
schungsgemeinschaft (Gr 409/9-5,6). 
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